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CHAPTER 1 - BASIC PRINCIPLES 



1-1. An ammetar of the iriovlng-iron type 1$ $hown in Figure 1-1 • The curved 
soft iron piece h drawn Into the stationary coll. This motion Is opposed by the > 
torsionol spring. The Inductance of the coll 1$ L ^ 8 ^ 250 micro henries where 
0 Is deflection In radians. 




/ 



a) Show that the Instrument measures the root mean square 
value of the current, 

b) Find the spring constant, K, for a 120^ deflection of 
the pointer when 5 amperes rms current flows. 

c) d coll resistance is 0,01 ohms, what will be the voltage 
drop across the ammeter when 5 amperes at ,60 hz flows through 
the ammeter? / 



1-2. 
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Figure 1-2 d«ptctt th« movement of an electrostoUc voltmeter u$ed to 
meotune relatively high voltoge from high Impedonc* sources. Application of 
volKige ^auies the moveable plate to entei* the spacing between the fixed plates. 
The position of fhe moveable plate with no voltage applied Is where It Is just 
about to enter the space between the fixed plates. 

a) For a maximum d.c. voltoge of Vj and n radians of 
. pointer rotation, find K, the spring constant In terms of 

the various parametero. \ ' 

b) What will be t^e deflection for any voltage V? 

c) • Assume a slnuji^lda I ' voltage Vrp i\n u)t Is Impressed. 
^ j What will the deflection be? ' ' ' 

' I d) When a d.c. voljag* of Is Impressed, the angular 

deflectlpn Is given by: 

t 

^ Calculate the energy extracted from the $purce, the energy stored In 

the spring and the energy stored in the capacitance. Is energy conserved her^? 

1-3. The rotor and stator of a simplified 4 pole machine are shown in Figure 




Manufacturing tolerahcet result in an axial displacement of the rotor 
as showi^ above. Machine dimensions are: 

2 

t = 0.025 meters - B = 0.85 webers/meter 

D = 0.250 meters * = 1 radian 



Jf fhe slo^s are neglected, the air' gap length X canv be considered constarH. 
Neglect fringing of the" flux. Find the axial force tending to correct the misalignment. 

1-4. A cyllndrlcdl magnet structure li shown In Figure 1-4. The moveable plunger 
has a cross sectional area of 25 x 10"^ meters'^. It slides horizontally through a 
circular o^jenlng In the magnetic housing. The oir gap between plunger and housing 
Is negligible. 

/ • ■ . • 
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The magnetic maferial i$ of extremely high pprmeabilify and saturates 
abruptly at ) .5 webers/meter^. / 

^ ■ 

a) Determine an analytical expression for the static force on the 
plunger as a function of gap length, noting that a saturation flux 
density wilL occur. Plot force vs gap length. 

b) If the plunger mov^s slowly from a gap length of 1.5 cm to 
the fully closed posHiort\what mechanical work is done? 

c) If the plunger moves-so quickly from an initial gap of 
K5 cm that the flux linkages of the coil remain constant 

' ' during motion how much mechanical work is done? 

]-.5^ An elementary reluctance motor is shown in Figure 1-5. 
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Th» tlnuiolckil, current, I, of angular velocity ^, causes an Inittinhjneous 
flyx;; ^ , at: ^ "^^ 

♦ 

♦ =■ ♦ cos i 

'^he Instantaneous reluctance C\\i a^unctlon of rotor position, e^. 
If a sinusoidal variation of (j\l$ assumed ^ 



where the d and q subscripts denote rotor position along the d axis, or stator 
axis and in quadrature with the stator oxis. 

a) Show that for net overage torque to be produced the rotor 
angular velocity must equal the. electrlVol angular velocity, 
i.e. w = 0)^. 

b) Show that T the average value- of torque. Is given by 



ave 

\ 
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c) For a winding of negligible reshtance and energized 
from a sinusoidal voltoge source of rrm value V, it can be 
shown thof: 

V = 4.44 f N 4» 

m . 

Also, from the definition of inductance, L : ^ 



L = 



where f is electrical frequency and N Is the fiumber of turns comprising the 
winding, , s 



^ For a reluctance motor with stator winding N = 2000 turns, 

^ 1.25 h, Lq = 0.5 h energized from a 60 hz/ 120 volt rms source, 
calculate the torque developed. 



1-6. Figure 1-6 depicts, in cross section, a machine with rotor wind FF' and 
I two Identical stator windings aa' and bb' which are In quadrature. 
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The self inductonces of the stator windings are Lq Lj^ and fhe self 
inductance of the rotor winding is Lf henrys. The mutual inductances Laf and 
ibfore: 

l^^ = L cos 6 Lbf L sin e 

The resistance of each stator winding is r ohms. j C 

\ 

q) Find a general expression for instantaneous torque as a function 
of ia, ijj/ if/ 9 and the inductances, 

b) If the rotor is stationary at 9 = 0 and constant currents of 
value ia 'b ~ 'f applied, what is the initial torque.? 
What is the final angle- of the rotor? ' 

c) What is the maximum torque that can be developed for 
constant currents Iq = ib " 'f*? At what angle does this occuf? 

d) Assume the rotor is excited by constant current Ir and the 
stator windings are excited by sinusoidal currer>ih with a time 
separation of tt/2 radians. Thus; 

ia = /2 I co$ff» t 

d 

J}^e angle 9 is given by: 

' e =u,^t - 6 y . 

t 

where 6 is the position of the rotor at t = 0. We now have an elementary 
cylindricoHrotor polyphose (2) motor. What relationship betweenvto apdw^ 
must exist if average torque is produced? 



' e) What is the value of the average torque under the conditions^ 
of d)^ ^ ^ 

f) Find on expression for the Instantoneous terminal voltoge 
applied to windings aa* and bb^ ^ 

1-7. Figure 1-7 depicts a two phase polyphase synchronous machine with 
salient rotor, rather than a cylindrical rotor as In problem }^6^ 




T 



Because of the nonuniform alr^ gap the self and mutual inductances of 
the stator windings are^functions of the rotor position as is th* mutual inductances 
of the rotor* The self inductance of the rotor is constont* The Inductances are: 

Lq = Lq + L cos 2 e 

> 

Lb = Lq - L cos 2e 



L^b = L Sin ^ 
Lgf = M COS e 
Lbf = M sin 
Lf = Lf ^ 

^ The rotor is excited with a direct current If, The currents in the , 

stator windings are: 



Iq = /2 I coswt i|^ =/ir I sin of 



The rofor is -revolving a» speed to =w and rotor poslHon l»: 



o 



where Is rotor position at t = 0. Show that the average torque Is.a constant 
(not a function of time) and Is eomposed of a component proportional to sin 6^^ 
and a component proportional to sin 26. The latter 1$ the* "reluctance" torqb© 
and the former 1$ the "synchronous" torque. 



\ 
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^ CHAPTER n - TORQUE AND VOLTAGE CONCEPT>\ 

2-1. A d.c. machine is tested by driving at 1200 rpm and exciflng the field 
win^Vig with 1.5 amperei. The •*opeh circuit' drmature voltage is 200 volts. 
The armature resistqnce is measured as 0.10 ohms. A resistance load of 2.5 
ohms is connected across the armdture circuit and the field current !s adjusted 
to cgyse a current of 100 amperes to flow in the 2.5 ohm load. Speed' is 
coijistaht at 1200 rpm. 

a) What is the value of field current necessary? ^ 

b) What is the electrical power output of the machine? 

c) What is the mechanical power input to the machine? 

2-2. The armature of the machine from 2-1 is connected across a 250 volt 
d.c. source to run as a motorljpThe field Is excited with 1.5 amperes. A 
torque load of 15 newton meters is connected to the shaft. The speed will 
adjust Iseflf to permit the flow of the necessary magnitude of armature current 
which in turn results In the proper value of shaft torque. 

• - . •■ 

,a) What is the armature current? 

b) What is the resulting speed? ^ .> 

c) If the field excitation Is increased to 2.0 amperes and the 
torque is maintained constant what are the new values of steady 
state current and speed? 

d) If the torque is reduced to TO newton meters and the 
excitation maintained at 2.0 amperes what are fhp vo lues of 
speed and armature current? 

e) If the torque is 10 newton meters^ the field excitation at 
2.0 amperes^ and the applied source voltage Is reduced to 
125 volts d.c, what are the values of speed and armature 
current? 

2-3. a) Compare the effect on the speed of a d.c. motor of varying the 
line voltage^ v/lth that of varying only the armature terminal voltage, 
so that the field current remains fixed. - 

b) Compare both these effeclk with that of varying opiy the 
field current, the armature terminal voltage remalnng fixecl. 

2-4. State how the armature current and speed of a d.c. motor w6uld be 
affected by each of the following changes In the operating conditions: (In 
each case, only brief quantitative statements of the order of mogriitude df 
the changes are desired, e.g., **speed approximately halted*'). 

a) Halving the armature terminal voltage, the field current and 
loacjj torque remaining constant. 

b) Halving the armature terminal voltage, the field current 
and i)^nepo>Ner output remaining constant. 



c) Doubling the Held flyi, the ormqture tnrrnJnCTl voVtag© and loot* 
.f<>f%|ue rflmatnin^ constant. . . ^ / | , 

d) ; Hoivlng both the field flux an.d armature termrha) N^oltoge, tf>« 
"horsepower output rerpdhlng cpnstoy^t. ' ' , ' ' „ , 

e) . HaWlrtg the armature terminal voltdgA^ fhe "ReM flux remaining 
cortstont dnd the load torque varying as ,4e square of t he- speed . . 

2-4; A small^lementary. generator is depicted/ln Figure'2-5. 
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Coils aa' and bb' represent concentrated coils of 10 turns each. All 
the turns ir\ each coil are connected in series and the coils connected as shown 
in (b) to form a. 2 phase system. The flux resulting from each pole is slnusoldally 
distributed In space and Is 50- mega Hnelf per pole. The rotor Is driven at 1800 rpm 

a) Find the rms generated voltage to neutral. 

b) -^Determlne the line-line rms voltage. 

c) What Is the frequency of the generated voltage? 

d) Take zero time as the Instant when the positjve flux linkages 
(frbm a K pole) with aa' are a maximum. Write a consistent set 
of time equations for the two phase voltages aa' and bb'. 

e) , Wrlho a consistent set of time equations for the voltages a'-b' 
^ ajfid b'-a'. 

2-6. A motor has Its rotor supplied with direct current and Its statbr (armature) 
with alternating current from a constant voltage source. The load on the motor Is 
a constant tore|ue load. Describe the effect of Increasing the field cur^fent on the 
followlngj ^ " . 

a) The magnitude of the resulting flux wave. 
/ b) Th(B magnitude of the armature current. 
/ c) The magnitude of the armature 6urrent \r\ phase with the armature 
/ voltage. 

/ d) The ipace angle between armdture mmf and* resultant flux wave. 



Chapter mi - torque. a^d voitac^e concepts, confd 10 

3-1. A d.c. machine wfed 250 vo\H, 1750orpm, 4 pble has 2 parallel 'paths through 
the armature. The arfijafore has 35 slots with 6^ coll sides per slot and 2 turns per 
coll, . The average length of qn* turn Is 2.5 fe<>t and the conductor has a resistance 
of J . 0 ohm per 1000* feet . . ^ / 

. . ^ a) Find the flux per ptfle > prodiice 250 Vblts at rated speed. ' 

b) Determine the resistance of Jhe armdture Winding 

c) The machine Is to be operated as a generator fupplying '50 
amperes^ Ihto a load. If the voltage drop Is 2.0 volt^ across the 
carbon brushes and the terminal voltage/ I.e., voltage across the 
load. Is 250 Volts what value of flux per pole Is required? 

, (!^peed qt 1750 rpm). 

d) If the flux per pole was at the value In a) what speed would 
. be'necessary to supply 50 ampeijes at 250 volts terminal vo|tage? 

e) If the machine was runnirKf as a motor with 250 volts applied 
and the load 5uch that 50 amperes of armature Current resulted, what 
value of flux per pole would yield a speed of 1500 rpm? 

f) What is the torque developed under the conditions of e)? 

3-2. The full load torque angle of a synchronous motor at rate<^ voltage and 
frequency Is V6 electrical radians. Neglect the effects of armature resistance 
and leakage reactance and consider thdt field excitation remains constant. How 
will the torque angle be affected by the. following? . 

a) Frequency reduced 15%, load forque constdnf. 

b) Frequency reduced ^5%, load power constant. 

c) Applied voltage reduced 10%. 

d) Frequency and applied voltage reduced 15% with 
load torque constant. 

e) Frequency and applied voltage reduced 15% with 
load power constant. 



CHAPTER IV - D.C. MACHINES H 

4-1., A 100 kw, 250 volt d.c. generator has on arrtKiture resistance of .0.025 ohms. 
Armature Inductance 0.01 henries. Brush drop tf negligible. Field r««btanc© Is 
25 ohms, field Inductance Is 2 henries. The generator Is -driven at a constant speed 
of 1200 rpm*. On open, clfcult, o shunt field current of 5.0 amperes results. In rated 
v«(tage^t the terminals. The shunt field has -1000 'turns . 

a) :Fo»" the steady stafe condt^on^ flhd.,aq. e)ipi^s»l6n, for fl^lcl 
current as* a function oMood curreht fdf constant terminal Voltage . ; 
of 250 volts 6 J load- varies from 0 to 150% of rated. 

b) A load 6f R - 0.^25 ohms resistance and 0.1 henrys Inductance 
Is switched Jnto the armature circuit at t = 0. Find- the terminal 
voltage as a function of time if the speed, and field excitation 
remidnns constant. 

4-2. Consrder the generator of problem 4-1 to be connected as a self excited 
generator with 25 ohms of external resistance connected in series with the field 
winding. With the field circuit open and the generator driven at rated speed 
the terminal voltage Is 10 volts. This is due to residual magnetism. At t = 0, • 
the field circuit ly coimeqted across the-armoture terminals, — Fer^^^olat•~on 
algorithm for q digital computer which will' find terminal voltage as o function 
of time. 

4-3. An additional field circuit to be C9nnected In series with the armature Is fo 
be added to the machine Iti problem 4-1. This winding has 4 turns and a 
resistance of 0\0Q] ohms. What resistance should be placed in parallel with 
this "series" field in order to provide the amount of current through the series 
field which will result in additional exciatfon such that the terminal voltage is 
250 volts at both no load and at rated load? The mqchme is then "flat 
compounded". What is the terminal voltage at 50% load? At 150% load? 

' % ^ . , ■ - 
4-4. Art adjustable speed d.c. shunt motor for a rolling mill has the following 

constants and ratings: 

1000 hp at 750 rpm, 1400 amperes 
300 hp at 225 rpm, 420 amperes 
600 volts 

armature resistance = 0.02 ohm 
V armature inductance = 0.0008 h ■ 

Wr2 = 30,000 Ib-ft2 (rflotor and load) 

I 

s * ' ■ 

-It 1s desired to study the spe^d transient after sudden application of fuH 
load torque. Assume that the mc<for is initially unloaded. I.e., Iq = 0, and the 
torque applied >o be independent of speed. Find w(t) for operation, at both maximum 
and minimum speed. ^ What is the difference in the character of the response tit the 
two speeds^ ' , 
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4-5. A d.c. shunt motor with consfapf field exctfoHon has Its speed confrSllod by 
o single sfep of resistance, R,)tonnecfed In series with the armature. Load torque 
<8 of the form Tl°^w and armature Inductance must be considered. At t = 0, R 
Is short circuited so that spe*d Increases. ,Flndw(t) for the general c<iise and sketch 
the form of the )^oluHon If the system l|.Overdamped. 

A*^,^ A ^liC. jpotor v<Hb' consent exctfotloo, an Inert^^. load only, and negligible 
orrnoture inductance' Is'fnltlafly ot r^st. AV t = 0, a step -^oltagis Is impressed 6n 
the armature. Find the energy dissipated In the afmatCire blrcult a4 heat during the 
period the motor accelierates to st«ady sVate speed. Express your answer In terms of 
stored energy Irt the rot<^r. Nbte that at steady state spead,.^ = V/K. Assume the 
motor Is running In one direction with rated vol'lage applied. The motor Is reversed 
\x\ direction by applying opposite polarity armature voltage to th^ rotor. Calculate 
^er^y expended In the armature resistance under this j:ondltlon. This Is referred 
to as "plugglr>g". Compare the two values )^of, energy iixpended and draw a 
conclusion about the severity of reversing duty. 

4-7. A d.c. series motor operates at 750 rpm with a line current^ of 80 amperes 
'from o 230 volt source. ToVal armature circuit resistance Is 0.25 x)hms. This 
includes the series field resistance. Because of nonllnearlty of ihe magnetic circuit, 
tfie flux at a current of 20 amperes is 40% of that resulting from a current of 
80 amperes. WhatTs the speed at 20 amperes, 230 volts? 

4-8. A d.c, series motor drives a constant t^rqj« load (torque required Is 
Independent of speed). Neglect armature circuit resistance and saturation effects. 

m 

* • 

a) If the applied voltage Is decreased from 100% to 75% of 
^ rated, what Is the percentage of change \x\ speed? 

b) Repeat, a) except ^or a d.c. shunt motor rather than the 



series type. 




4-9. An automatic starter Is to be designed for g 15 hp, 230 volt(^iiij*f motor 
whose armature circuit resistance Is 0.16 ohms. The field circuit resistance Is 
115 ohms. When delivering rated hp output armature cun-ent is 56 amperes. 
When loaded until armature current Is 32 amperes, motor speed Is 1100 rpm. 

The motor is connected \o a load which requires forque proporHonoJ . to 
speed and takes 15 hp at rated speed. The starter is to connect the field circuit 
across 230 volts but to iojert sufficient resistance^ in series to limit the armature 
current to 125 amperes and when it falls to 56 amperes some resistance is to be 
cut out to maintain the qurrent always between 125 and 56 amperes during fhe 
starting period • Determine the number of steps of resistance required and the 
resistance of eoch of > the steps. 
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4-10. A d.c. shunt motor driytrg a conjtont torqOe load qt steady state speedcO^ 
is to be "^topped by "dynamic braking". Thl^ Is accomplished by Instantaneously 
switching the armature termtnd» from, the source 4o a braking resistor with Reld 
excltatl6n maintained constant. The scheme Is shown In Figure 4-10. 




J 



Find an expression for^(t) during broking. Neglect all damping other 
than that doe to power expended In rg, R. 

. «• * ■ . , • • - 

4-11. Figure 4-11 Illustrates a "shunted armature" conneo+lon used to obtain a 
specific spe^d t6rque characteristic In a d.c. shunt motor. Find qn expression 
for the steady sitite speed torque relationship ]f armature resistance Is negligible. 
Sketch the relationship Indicating limiting values of speed and torq,ue. 




1-v 
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4-1 2< Figure 4-12 Illustrates a shunted armature connection for use with o series 
rnotor. Repeat 4-11 for the series Jnotor, V 




V 
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4-13. A d.c. Mrt«t moto*- hoi the following roting and paiom«t«r«t 

150 hp, 600 volts, 600 lipm, 206 amperes ^ 
brush voltage drpp ■» 2 volt< 
' armature reslstonpe * 0.04 ohms 

armature 'Induetonce * 0.03 henry . ' < 
: ' series field, r^iltt^ivce " 0.105 ohms 

series-field Inductance '*"-0»06 heory / 4 

* . ■ - * 

' >lt Is tested by*drlvlng It wifh another motor at 400 rpm and passing 

216 amperes (from an external source) through the s«rles field. The resulting 
open circuit volta^ Is measured os 400 volts. ^ 

a) What Is the full load efficiency? 
* b) How does this suvbdlvlde Into copper loss (electrical) and 
rotating loss (mechanical)? 

c) Find the steady state spe^d torque charcTcterlstlc . 

d) Repeot (c) If the series field Is shunted ^by a 0^105 ohm 

resistor. ^ ■ 

,4-14. By using a computer, determine w(t) If rated torque Is connected audi the motor fr<j 
4-13 Is energized wlMi 150 voits for 15 seconds and then full voltage (600 volts) 
Is a^)plled. Total Wk^ » 45000 ib-ft2. 

V . ■ ^ ^ . ■ ... 

4-15. Bids are requested for a d.c. motor for 0 pump drive. The pump specifica- 
tions call for a drive spe^ of 850 rpm, 820 gal of water per minute at 85 feet 
ead. Pump efficiency Is to be 70%. 



1 



a)^ Based on 1 gal of woter weighing 8j32 lb, determine the size 
of the motor to be bid. 



Two bids are recelyei^l The flrit Is for $600 for the motor which has 
an efficiency of 90%. The secohd Is for a motor priced at $500 but with an 
efficiency of 88%. The pump wllhoperate 6 days/week, 14 hours/day. Energy 
cost Is $0.03 kw hr. \^ 

b) ' Evaluate the two bids aiid justify tbe purchase of one or thrf' other. 

4-16. A 1,700-rpm centrifugal pump, driven by a 50-hp shunt motor, discharges 
200 ft^ of water d minute against a head of 90 ft. . Under these cond'ltlons, the^. 
following data are taken: 

Motor terminal voltage = 228. volts 
Motor field current * 3.25 amperes 
Motor armature cunrenf = 195 amperes 
^ ■ Motor »pe<3 * 1,700 ipm 
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tak«n: 



WH«n th« pump is cltioonn«ct«cl from th« motor, the following data ore 



Motor termlnol voltage » 230 volts 
Motor armotujre cuitent « 10 amperes 
Motor field* current ■ 3. 57^ amp ' 
Motor speed « 1,7001 rpm * 

Motor-ormatura ctrcul^ rasfttonca ot oparaHog tamparafura axclusiva of 
brushat It 0. 1(K) ohm. Voltog^ drop ot tha bruthat cqh b^ ta,kan at 2 volts. 

What is tha •fftciancy of tha pump? 

Vl7* In continuous rolling milU, tha rolls through which tha bar passas during 
rollihg ara in tcindam vvtth aach stond, or roll, drivan by a motor. D.C. Motors^ 
ara usad bepousa of tha aosa with which thay can ba controllad. The transient 
changes of the motor speed under suddenly applied loads the bar enters ohe 
stond after another may seriously affeCt the quality of the product. In particular, 
the Impact spaed drop which occun at the maximum of tha transient oscillation is 
of mqjor impcjrtonce. For analysis purposes, consider a single motor suppijed by a 
d.c. source. The rJiotor Is separately, excited and compensated so that armature 
reaction effects are negligible. With the motor running without external load and 
the system In the steady state, a bar enters the stand dt t - 0, causing tha load- 
torque to be incrji^KSsed suddenly from zero to T.' The fbrU)wing numerical vajues 
apply: ^ ^ ^ V 

Source voltage = 390 volts 

Armature circuit inductance, U - 0.0077 hanry^ 

Armdtura circuit reslstonce R = 0.035 ohm 

Moment of Inertia of motor armature and connected rolls, 

all referred to motbr speed, J» = 42.2 kg-m^ 
Electromechanical conversion constant for motor, 
i '^m ^ ^•^S newton-m/amp 
No-load armature current, Iq = 35 amp 
Suddenly applied torque, T = 2,040 newton-m 

Det.rmln. the following quantities: 

^a) The undamped angular frequency ''of the tixinslent speed 
oscillat^ons. . ' , 

b) The damping ratio of the system. 

c) The Hme constant of the system, Ih seconds. 

d) The Inltlol speed. In rpm. 

e) ''The Initial acceleration, in rpm per second. 

f) The ultimate ^>eed drop, in rpm. 

g) The impact speed drop; In fpm. 



CHAPTER V - CROS:S FIELD MACHINES 
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5-1. A 1 |(w fiMtodyn* ho» tK« following conitanft 

oontra;,l n«lcl r«tlttonc« rf r 25 ohmt 
Control fUld Inductonc* Lf " 5 henry 

armomr« circuit r«fl$tonc«i r„ rj ■» 4 onm» 
- - 120 

ntgUot ormotuni circuit time constant! 

• ■ .•• 

Thit unit tuppIlM o . 50 ohm r'eilttonce load at a voltage of 150 volt»» 

^, a)?'' What Is tlie power Input to t he"control field. 
"\ b) What Is the amplification. 

5r-2e R#piiot 5-r for on amplld/ne configuroHon, a compenj^Hng winding 

1$ uHllt#d to couat#ract thf d^mognethclng •ffect of the d axis cup-ente 

5-3. The metcidyne of 5-1 has a constant voltage, applied to the field circuit 
and the load resistandit is varied from 0 to 100 ohms. Plot the ratio of load 
voltage to fi«ld voltage as a function of load resistance. Plot the output power 
as a function of load resistonce, 

5^. The metad/ne of 5-1 supplies power to o 40^phm load and is in the steady 
state* The field voltage is 25 voltSe At t » 0' the .voltage is Increased. by a 
step function Increase up to 50 volts. Find the load current as a function 6f time 

5-5 e The amplidyne configuration of the metadyne Is often used to provide 
fxcitation for convsntlonal oc or dc generators, Rother simple circuitry coh be 
incorporated to include automatic voltage regulation. Sych a system Is shown \ 
In Figure 5-K ^ 
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Th« machln« contltintt ore at fbllowt: 



Generatort 



rqr«d « 250 volts 
Rqq « 0.03125 ohrm 



= voltage constont = 25 volts/omp. 



09 



20 ohms 
kf_ « 1 henry/ 



Amplldyne; 



f9 

rf « 20 ohms 
^ 2 henry 
rj = 4 ohrm 
r^ = 4 ohrm 



» 30 volts/omp. 
Kq = 60 volt»/amR 



■ J 



The quadrature axis armature tfme constant is negligible and L^J « Lfg. 

a) Find the value of V to yield a steady state value of I 
terminat Ullage, = isO volts when the generotdr is 
deltvefing rat^d output • 

b) For Ihe yolue of in a), whaf is the no load terminal 
voltage? 

c) What is the voltage regulation with and without the 
regulator circuitry? 

d) What Is the damped ^^^qxAqx velocity of the oscillations 
in following cl distur€arK:e? 

e) What is the damping rafio of the response? 

f) What is the time constanr-^ the response? 

5-6* In the derivation of t he equations for cross Reld mociilnes It was assumed 
that the time constants associated with the D and Q axis were negligible. 
Derive the transfer function Va($)/Vf<s) If these time constants are not negligible. 
Construct the block diagram fpr this condition. 

5-7. Assume an amplldyne with the follovylng parameters. 

Td = 0.05 rd = 4 

T = 0.333 
T^= 0.2 

^ Using P(outh*s criteria^ determine the load condition which results in 
on unstable terminal voltage • . 
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CHAPTER VI - SYNCHRONOUS MACHINES 
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6-1. Derive the eqolvolent, of (VI-16) for two phoie machine whiph has Z - 
distributed wind{r>^ with magnetic axlt disploced radians and phase currents 
In quadrature. % 

\ "' " ' ' " ■ 

642. Draw, to scale, the stator mmf dlstrlbuthjiH for a two pole, two phase machine 

^ ot the following Instants of time: 

a) When the current In phase a Is zero 

b) When the current In |>hoie 4> Is z«ro 

c) An tirbltrorlly chosen Instant not corresponding to a) or b). 

.*■>■. • 

6-3. "Derive the equivalent of (Vl-:16) for a q phase machine. 

6-4,- This .problem Is ^concerned with analysis of a 2-phase synchronous machine 
Instead%f ithe 3-phase machine of the text. Consider thot the machine is Idealized 
. and that there are 2 distributed wlndlngs^a and b^on the stator, 1 In each phase, 
w^ magnetic axes 9Qo apart. The saHent-pole rotor has orjly the maln-fleld . 
winding f In the d axis drtnci no winding In the q axis. ^The angle from theoxis'of 
phase a to the d 0x1$ Is That from the phase Jt> axis to the d axis Is 6 + 270° 
or, what amounts to thiji same thing, ^ - 9(P,- ^ 



a) Write tho flux-linkage equations in form corresponding to 
equations VI-25 through VI-SOl - 

b) Show that the dq transformation of variables Is typified by 







COS e 


I- 








- sin e' 



sin e 



A\ffb write tKa relations for \q and \[y in tertnl of i^, iq, ondO* 
c) Show that the flux linkages are givenNby 



Also identify the d- and q-axis synchronous Inductances and 
in terms of I^j^q and Iqq2' 

d) Show that' Equations. VI-54, -55 ohd f51 dre correct for the 
voUgges Vp vj and v^ Iti this cose. 



o 
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•) Show thc» th# Inftanrqneous power input t^tne stotor is: 

/ 

' po * V .1, ^ V t 

' ^ Show thot motor torque Is given by: 

6-5. A 2-pole aynchronoui motor hos a 2J-pha$e wlndihg v/lth negligible resl^tonce on 
the rotor. Its stator has salient poles with a field winding on the d axis having the 
resistance rf and excited by a direct. voltage Vf. There is a short-clrcuitec^ stator 
/winding in the q axis. , ** 

The motor is running in the steady state, with balanced 2-phase Witages 
given by: " 

/ * 

"^v = - V,„ sin wt and vl = - V cos lot t 

>. a ^ " m 

applied to the rotor wlryJlngs. The angle from the d axis to the magnetic axis of 
rotor. phase a is: 

V - e = w t + 5 

. f ... , . 

That between the phase b axis and the d axis is 9(P greater than this. 

*■ 

a. Show thot the d- and q'^xis rotor currents into the motor are 
given by; 

- (oLflf + COS.6 V sin 6 

and i = 



u, q Lq 



b. Show thot the motpr torque Is given by , 

T = - — sin 6 5'" 26 

c. Show that the fjhose rotor circuit is 



•a ~ Id COS 6 + sin 
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6-6. A 2-pol« »yi>chronous mochJn# wifh a uniform air gap has a;Y-connecf«d 3-phos6 
stqtor winding « The ttofor windings have a synchronous inductance of 0*01 henry per 
phase and negligible resistance* The rotor windlr>g has an incjuctance of 20 henrys 
and o r.eiiitonce of 10 ohrm« It is connected to a d^c voltagesburce of 100 volts* 
, T^ie mutual lndu<^tance between the rotor and a $t<^r- phase when their magnetic axes 
are aligned* is 0.4 henry. 

Th^ machine is operoting as a generator under steddy-state conditApns deliv«/ing 
power to a balonced 3-phase syste^ at 1.0 power factor and 400 radians/sec angulqr 
frequency. The terminal Voltage of each phose is 2300^olt5 rms. What is Vhe elettrlcal 
power output of the generator In kilowatts r 

6-7. A d-c shunt motor is rpechonlcolly coupled to a 3-phase cylindrtcal-rotor-synchronous/ 
generator. The d-c motor Is connected to a 230-v.olt constant-potential d-c supply, and^ 
the a-c gen^tgr is connected to cr 230-volt (line to line) constant-potential constant- 
frequency 3-phcise supply. The 4-pole Y-connected synchronous machine Is rated 50 kva, 
230^volts, and- has a synchronous reactance of 3.0 ohms per phase. The 4-pole d-c 
machine is rated 50 kw, ^30 volts. All losses are to be neglected. 

^a. If the two machine^ act as a motor-geilerafor set teceivliig power 
from the d-c mains and* delivering power to the a-c circuit, w hbt is 
the excitation voltage of the a-c machine |n volts per phase (line to 
neutral) when it delivers rated kvd at 1100 power factor? 

b# Leaving the field current of the a-c machine as in part a, what 
adjustment can be mode to reduce the power transfer (between o-c and 
d-c) to zero? Under this conditidn of zero power transfer what is the 
armature current of the d-c machine? What is the ormature current of the 
a-c machine? 

c. Leaving the field current of the a-c machine as in parts a and b, 
what adjustment can be made to cause 50 kw to be taken from the a-c 
circuit dnd ^delivered to the d-c circuit? Under these conditions, what 
is the armature current of the d**-c machine? What ore the magnitude ^ 
and phase of the current of the a-c machine? 

6-8. A' synchronous generator is connected to an ihfinte bus through two parallel 
3-phase transmission circuits each having a reoctonce of 1.2 per unit including 
step-up and step-down transformers at each end. The synchronous reactance of the 
generator (which m(5y be handled on a cylindrical-rotor basis) is 1.8 per unit. All 
resistances are negligible, aid reoctances aVe expressed on the generator rating as 
a base. The infinite-bus voltage is 1.00 per unit. 

4 

a. The power output and excitation of the generatpr are adjusted so 
that it delivers rated current at 1.0 power factor at its terminals in the 
steady state* Compute the generator terminal and excitation voltages, the 
power output, and the reactance power delivered to the infinite bus. 
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b. The thfX)Hl«^ of the prime inover ii now ad)y steel to that there Is / 
no power transfer between the generator and the Infinite bus. The field 
current of th.e generator is adjusted until 0.50-per-unit lagging reactance 
leva is delivered to the infinite bus. Under these' conditions, compute the 
terminal and excltottor^ yblfages of the generator." 

c. The system is then returtgd to the operating conditions of port a.. One 
of the two parallel transmistion circuits is disconnected b)^ flipping the 

' circuit breakers at its ends. The generator excitation is keph constant . 
Will the, generator remain In synchronlsjti? After comparing the desired power 
transfer with the maximum under these conditions, give an opiWfbn regarding 
^ the adequacy of the transmission system. 

6-9. A 2000 hp, 2,300-volt Y-connected 3-phase 60-cps 20-pole synchronous motor 
has a synchronous reactance of 8.0 ohms per phase. In this problem cylindrical-rotor 
theory mdy be used. All losses may be neglected. ^ 

a. This motor Is operated from on Infinite bus supplying rated voltage at 
rated frequency, and its field excitation is pdjusted so that the power factor 
is unity when the shaft load Is such as to require on input of 1500 kw. If 
the shaft load is slowly increased^ with the field excitation held constant, 
determine the maximum torque (In pound-feet) that the motor can deliver. 

b. Instead of an infinite bus, assume that the power supply is a 2500 kva^ 
2, 300-volt, Y-connected synchronous generator whose synchronous reactance is 
10.0 ohns per phase. The frequency is hel^ constant by a governor^ and the 
field excitations of motor and generator ore held constant at the values 
which result in rated terminal voltage when the motor absorbs -1500 kw at 
unity power factor. If the shaft load on the synchronous motor ts slowly 
increased, determine the maximum torque (in pound-feet). Also determine 
the armature cuirent, terminal voltage, and power factor at the terminals 
corresponding to thii maximum load. 

c. Determine the maximum motor torque if, instead of remaining constant 
OS in part b, the field currents of the generator and motor are slowly 
irHcreased so as always to maintain rated terminal voltage and unity po^\\er 
factor while the shaft load Is Increased. 

6-10. What per cent of its rated output will a salient-pole synchronous motor deliver 
without loss* of syncfiror^ism when the applied voltage is normal and the field excitation 
is'zera, if x^ = 0.80 per unit and x^ = 0.50 per unit? Compute the per-unit armature 
current at maximum power. 

6-11. A salient-pole synchronous motor has xj = 0.80 and Xq = 0.50 per unit. It 
is running from-on infinite bus of Vi- f 1.00 per unit. Neglect .all losses. What is/ 
the minimum per-unit excitation for which the machine will stay in synchronism with^ - 
full-load torque? 
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6-12. Dixiw the block diagram for a generator connected to a zoro-power-factor 
lagging 4oad. Consider for these purposes that the I dad may be represented by a 
corwtant reactance x^, (ThU may approximate the starting of a Icrge motor, for 
example). 

6-13. A syiichronous generator Is supplying power to a large system with Its Jield 
' current adjusted so' that the ormature current lags the terminal voltage.. Armature 
resistance and leakage reactance may be neglected. ^ ' . i 

The field, cilrreht Is now Increased 10 per cent without changing the driving 
torque 'of the primp mover. Qualitatively, what changes ocqur In power output. In | 
magnitude and phase of the armature current, and In magnitude of the torque angle 
6 ? Explain by means of a phasor diagrams representing the flux and mjl^f waves. ^ 

If, Instedd of changing the, field current, the driving torque of the prime 
mover 1$ increased 10 per certt, what* changes wlll^ occur? \ 

> 6-14. A synchronous motorns opeiating at half load. An Increase In its field 
excitation causes a decrease ln~75rmature current. Before the increase, was the 
motor delivering or absorbing lagging reactive kva? 

6-15. The full-load torque angle ^ of a synchronous motor at rated voltage and 
frequency is 30 electrical degrees. Neglect the effects of armqture resistance and 
leakage reactance. If the field current* Is constant, how would the torque angle be 
offected by the following changes In operating conditions? 

a. Frequency reduced 10 per cenf, load power consKint 

b. Frequency reduced 10 per cenf, load forque consfanf 

c. Both frequency and applied voltoge reduced 10 per cent, load power constant 

d. Both frequency and applied voltage reduced 10 per cent, load^torque constant 

6-16* Two small alternators of equal kva rating have per-unit synchronous reactances of 
0.6 ond 0.8, respectively, on the. alternqtor i[ating as a base. They are rigidly coupled 
to the same prime mover and supply power in parollel to a line ot rated voltage and 
frequency. Ignore saturation. 

a. The coupling between the machines is such that their no-load 
terminal voltages are in phase. What ijf the greatest power that can be 
delivered to the I in* without exceedijig the durrent rating of either 
machine? 

b. The coupling is now readjusted d^that the machines can jointly f 
deliver a per-unit power of 2.0 without overload. What is the phase 

angle between their open-circuit terminal voltages? 

. , c. With constant excitation voltages and a governor having no speed-droop, 

^ what per-unit current will circulate between the two alterfKitors after dropping 
the load tn (b)? Which machine will act as a motbr? 
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6-17. Ffom the photor diagram of an overexcited synchronous motor, show that 

^ . sin 6 - Iq^q «ln + 6 ) 

'^q 1^ cos + fi) 

From this relotlon^ the saturated value of can be measured under actual load conditions, 
by measuring Vf, Iq, power, and 6. The torque angle f> can be measured with a stroboscope, 

/■ ■ ■< 

6-18. From the phasor diagram of an overexcUed Synchronous motor, show that 



tan 6 



V^ ^ I X sine - I r cos e 
' a q a a 



6-19. Derive 6n expression for the reactive power Q delivered to ^ Infinite bus, in 
terms of the excitation voltage Vp, the bus voltage V*, the reactance!! and X^, 
and the single 6 . Neglect resistances, and consider that lagging reactive power 
delivered to the jbus is positive. 

6-20. From the phasor diagram of a synchronous machine with constdnt synchronous 
reactance x, operotlng at constant terminal voltage^f and constant excitation voltage 
Ef, sho^w that the locus of the; tip of the armature-current phasor is a circle. On a 
phasor diagram with terminal voltage chosen as the referenpe phasor indicate the position 
of the center of this circle and Its radius. Express the coordinates of the/ center and 
^the radius of the ci rcle in terms of Vf, Ef, and x^. 

6-21. Estimating prices for a 200-hp, 1,200-rpm synchronous motor and control are 
as follows, .shaft-driven exciter Included: ^ ' 



1 .0'-power-factor motor, $7,500 
0.8-power- factor lead motor, $8,400 , 

Estimated full-logd losses are 15 kw for the 1 .0-power-factor motor and 16 kw for the 
other: A proposed application calls for operation at full load for 3,000 hr per year, 
the motor being shut down the remainder of the ttme. The incremental power cost is 
1.0 dent per kllowatthour, and the total investment charges are 19 per cent per year^.' 

What is the annual cost per reactive kva of the power-foctor correction provided 
by the 0.8 power-factor motor? ^ 

6-22. A synchronous motor has a per-unit synchronous reactance (which may be Con- 
sidered constant) of 0.80. It is operating at rated volfage with an excitation voltage 
1.3 times the terminal voltage. The armature power input is 0.50 per unit. 

a, '' Determine the power angle, per unit current, and povver factor 
of the motor. * , 

b. For the some power Input and terminal voltage, what is another value 
of excitotlon which yields the same armature current? 
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,c. Of the excltatidn* lit (o) and (b), which gives the higher offlclancy 
of 0,5 per unit powfr Input? Which gives the higher efficiency at 1.0 
power Input? Which gives the greater margin of stability? ' Wh|ch is ^ 
more Ul<ely to be used In a practical situation? Give reasons for a|l 
onswers. 



6-23. A 3-pha$e synchronous generator Is rated 12,000 kva, 13,800 volts, 0.80 power 
factor, AO cps. Whot should be Its kva and voltqge rating at 0.80 power facfor and 
50 cps If the field and armature copper losses are to be the some as at 60 cps? If Its 
voltage regulation at rated load and 60 cps Is 18 per cent, what will be the value 
of the voltage regulation at Its rated load for SO-cps operation? The effect of 
armature-resistance voltage drop on regulation mdy be neglected. 
_ i' 

6-24. A 300-hp 0.8-power-fajctor 2,300-volt^76 amp^60-cps,3-phase synchronous^ 
motor has a dlr<tf6t-connected exciter to supply Its field cunrent. For the purposes of 
this problem, the efficiency of the exciter may be assumed constant at a value of 
80 per cent. The synchronous motor Is run at no load from a 2,300-volt 60-cp8 
circuit, with Its field current supplied by Its exciter, and the follovJ ng readings takent 

Armature voltage between terminals - 2,300 volts 
^ Armature current = 76.0 amp per terminal 

Three--pha$e power ipput =^27*5 kw 
^ Field current = 30.0 amp 

Voltage applied tx^ field trom armature terminals of the exciter = 300 volts 

When the synchronous motor 1$ loaded so that Its Input 1$ 76 amp at 0.80 power 
factor and 2,300 volts between terminals. Its field cunrent Is found to be 25 amp. 
Under these conditions, what Is the efficiency of the synchronous motor exclusive to 
tKe losses In Its exciter? What Is the useful mechanical power output In horsepower? 

c 

6-25. A laboratory alternator Is rated at 45 kva, 230 volts, 60 cps; 1,200 rpm, 

3 phases and 0.80 power factor lagging and has the following open-circuit characteristic: 



Une-to-llne voltage, volts 0 180 220 260 300 340 

Field current, amp 0 6.0 7.7 10.0 13.6 20.8 



The stator effective resistance Is 0.027 ohm per phase, and the synchronous 
reactdnce, adjusted for the approximate degree of saturation present under rated con- 
ditions. Is 0.60 ohm per phase (both values for a \ connection). 

< 

a. What f lei d current Is required for operation under rated conditions? 

b. To what value will the terminal voltage change If the load Is thrown 
off while the field current remains constant at the value In part a? 



6-25» A SO-hp 230-v9lt 60-cpi, 1,200-rpm S^phate 80-p«rc6n>;pow«r-factor synchronous 
motor hat the open-Glrcult choroctsristic given In ProbUm 6-25.' Th« synchronous reactance 
approximately ad|usted for taturltlon can be taken as 0.60^ohm per phasi| (Y-connected). 
Rotational loitet are 1,750 watti. Stator resistance It small compared with tynchronous 
reactance, to that Its effecli can be Ignored for prewsnt purpotet..- / 

a. What field current it required, for operation under ro meplate conditions? 

b. At what power factor will the motor operate If the shaft output is halved 
while the field current remoins constant at the valye in part a? Consider the 
rotational losses to remain constant. 

The sfator effective fetlstance of the motor is (>.027 ohm per phase (Y-connected) and 
the field resistance it 5.0 ohms. Find the motor efficiency under (e) rated condl>lons : 
and (d) half loqd. * ^ . > 

6-27. Consider a salient pole synchronous motor w^th reactances Xj and X per uolt. 
Assume the armature resistance Is negligible. Derive, the general equations for calculating 
the "V" curves. Write a computer program for this calculation. Calculate and plot the 
"V" curves for a machine where Xd =? 0.8, Xq = 0.6 for connected shoft power o^ 
P = 0, 0.5, 1.0, 1.25 per unit. 

6-28. Assume a cylindrical rotor ^nchronous generator connected to an Infinitely 
large system and that the> generator is supplying real power Into the large system. 
D^cuss, using phasor diagrams, the relationship between reactive power flow and 
excitation voltage. 

6-29. An Idealized 2-pole 3-phate tynchronout machine 

It being driven ot tynchrpnout sp/eod so that the angle from the axis of phase a to 
t(fe d axis Is (^f +(x)y / ■ 

a. The armatilf termlnpis are open-circuited, and the field Is excited 
by a step-functloh voltage Vf. Find the exprettlont for the Instantaneous 
voltages of the armature phates ar»d their d and.q components. 

b. Repeat a) If the trantformer voltages,— andgp, are neglected. 

c. Now contlder that the field circuit It doted and unexclted 

(vf 0), the Initial field and armature currentt are zero^ and vj = 0. 
Neglect all retlttancet. At t « 0^ a ttep-fun^tlon voltage Vq(t) of 
magnitude Vq It applied to the qrmature termlnalt. Find exprettlont 
for the armature currentt Ij and Iq and the field current If. Introduce 
the trantlent Inductance where appropriate. 

6-30. A 3-phate turbine-generator It rated 13.8 kv (line to line), 110,000 kva. 
Itt conttPritt, with reactoncet expretted In per unit on the machine ratlhg at a base, 
ore ' V 

xj - IJO x^ - 0.20 T;, « 1.0 sec 

28 
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Iris operotlng unloodtd at o Urmiool voltoge.of KOO per unit when a 3-phafe short 
circuit occurs at its terminals. Ignore the second harmonic, end, except in port f, the 
d-c componenl^ in the short-circuit currenK Express numericdl answers both in per unit 
and in amperes « 



^a. Whot Is the rms steady-state short-circuit curVent? 

h. Write the numerical equation^for thfi instantoneous phase a current 
as a function V>f time. Consider the fault to occur wKen ®p = 90^. 
Becouse of the neglect of the d-^c component, this is the symmetricol 
short-circuit current. 

c. Write the numerical equation for the envelbpe-of the short-circuit 
current wave as a function of time. 

^ d. Using the results of pfiirt c, Write the numerical equatidh showing 

how the rms value of short-circuit current varies with time. 

e. What value is given by the expression in(d) at t = 0? This is 

known as «t he initial symmetrical rms short-circuit current. ' ^ 

f . In part b, suppose the fault occurs when the magnitude of 6^ is 
other than 90^. The value of L at t = 0 would then be nonzero. 

Q 

But since the phase a winding Is a resistance-inductance* circuit, the 

complete phase a current cannot change instontaneously from zero. 

Hence a d-c component must be present in Iq to reconcile the situation. 

This component dies away rapidly. Give the maximum possible Initial 

magnitude of the d-c component. 
% « 

6-31. A proposed scheme for regulafing the output voltage of a 5000-kva alternator 
is shown below. In addition to the alternator, the system includes a d-c exciter 
whose field excitation is obtained from the^utput of an amplifier. The input to the 
amplifier is the difference between the set vcflue of voltage V{ and the actual 
output voltage V^. The resistance and induttance of the exciter-field circuit 
(Including the output impedance of the amplifier) are r] and L^. The generated 
voltage of the exciter is k] volts/amp in its field circuit. Theyresistance and 
Inductance of the alternator-field circuit (including the exciter armature) are 
r2 and The alternator voltage Is volts/amp In Its field. For simplicity, 

the linear rectifier required to change the alternating voltage to a direct 
voltage for comporlson with Vj may be assumed to produce 1.0 volt d-c output' 
per vol^ a-c Input • 

' ^ ; ■ 

To examine the stability of the system, consider the alternator and exciter 
are rotating at rated speed but that Initially their fields are unf^cited and V{ = 0. 
The alternator Is unloaded. 
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a. Show that the response of the system to a suddenly Impressed value _ 
of Vj Is characterized by the differential equation 

dt^ ^ . . - 

Identify the time constants Y*^ and and the static sensitivity K In terms of the system 
constants. / 

b. For a particular altemot^r ond its excitation system, = 0.4 sec, 
and ^2 ~ 

The system Is to regulate within 0.5 per cent; I.e., the steady^state error In is not 
to exceed 0.5 per cent of the set value V|. Determine the damping constant f , the 
undamped natural angular* frequency , and sketch the curve of the. response A/ j/Vj 
as a function of time. ^ ^ <> ^ 

J ^ ■„. ' ■ -. 

6-32. Derive an expression for fhe Instdntaneous electromagnetic torque as o function 
of time after the occurrence of a 3-phase short circuit at the terminals of an unloaded 
machine. Express the result In terms of the initial field current 1|;q and machine 

constants such as L' and L . 

d q ' • ^ 

6-33. Reciprocating loads such as compressors require a torque which fluctuates 
periodically about a steody ctverage value. For a 2-cycle unit, the torque harmonics 
have frequencies In cycles per second which are multiples of the speed In revolutions 
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p«r second. Whtn^ at It cdmmonly the coie, the* compretlori are driven b)/ synchronous 
motors, the Wque harmonics cause periodic fluctuotlon of the torque angle O and may ^ 
r^iult In ondeslitibly high pulsations of power and conrent to the motor. It Is therefore 
essential that, Uit the significant hormonlcrf, the e)ectrodynamlc rel^jonse of the motor 
to be held to a minimum. 

a. To Investigate the Response of the motor 'to torque harpionlcs, use 
a linearized analysis similar to that yielding equitlon VI-424. Let 

^\ =AT^ +AT| sinwt + ...AT^ sin ton t 

b* Show the relationship between amplitude of oscHlptlons of S » and 
the machine parameters. 

c. Assume a motor rated as follows: 

200 hp, 2300 volt, 3 phase 60 cps 28 pole 

^ = 10500 Ib-ft2 (motor and loadl) 
ynchronlzlng power = 11.0 kw/electrloal radians 
Damping torque = 1770 Ib-flf/mechanlcol radian per sec. 
connected to a compressor load. Tbe fundamental frequency torque* 
oscillation amplitude is 580 Ib-ft and at an angular velocity of 
27.0 radians per sec. 

d. Find the maximum deviation ofo. 

e. ' What Is" the pulsotion of synchronous power flow. 

If a flywheel of wk^ = 18000 Ib-ft Is added to the shaft, how does it affect 
the maximum deviation of^ ? 

6-34. The Ideal conditions for synchronizing, an alternator with an electric power system 
or that the alternotor voltage be the same as thdt of the $yste(n bus In magnitude, phase, 
and frecjuency. Departure from th«e conditions results in undesirable current and power 
surges accompanying electromechanical oscillation of the alternator rotor. As long as the 
oscillations are not too violent, they may be Investigated by a llr>tarlzed analysis. 

Consider that a 2,500-kw 0.80-power-fdctor*25'-cp8 26-pole oll-engine-drlven 
alternator Is to be synchronized with a 25-cps system large enough to be considered an 
Infinite bus. The Wk^ of the alternator, engine, and associated flywheel li\750,000 
Ib-ft2. The damping-power coefficient is 3,600 watts per €kl«ctrlcal degree per 
second, and the synchronizing-power coefficient Is 1.21 x 10^ watts per electrical 
degree. Both and may be assumed to remain constant. In all cas^s belqiw, ^j|ie 
^rmlnal voltage Is adjusted to Its correct magnitude. Tl^e engine governor Is sufficiently 
Insensitive so that It does not act during the synchronizing period. 
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a. Con»id«r fhof Hie oltomahjr js IniHally adjusted fo tf^e correct speed but 
that It is synchronized out of phose by 20 ele<;trlcal degreel, with the alternator 
leading the bus. Obtain a numerical expression for the eoiulng electroojechanlcal 
oscillations. Also 'glve the largest value of torque exerted on the rotor during 
the synchronizing period. Ignore losses, and express this torque as a percentage 
of that corresponding to the nameplate rating. ^ 

Ij. Repeat (^J with the alternator synchronized at the proper angle but with 
its speed l/llttally adjusted 1.0 cps fast. 
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Repeat (a) with the alternator Initially leading the bus by 20 electrical 
degrees and Its speed Inltlall)^ adjusted 1.0 cps f«st. 

6-35. A ^-cps synchronous alternator Is driven by a four-cycle dlesel engine. Owing 
to a misfire of one cylinder, a torque pulsation Is produced every two revolutions o^ the 
machine. The pertinent data follow: 

Alternatqr: 6,600 volts, 1,500 kva, 0.8 pf, 28 poles, 257 rpm; ^ 
angle 8 at full load = 30* 

Mechanical system: Weight ^,000 kg; radius of gyration 0.95 m 
Would you anticipate troublesome resonance effects? 

6-36. 'In an Industrial plant, load In the form of an air compressor is to be added. 
The compressor drive motor will be 500 hp, 3 phasp, 460 volts, 60 cps. The average 
load prior to Installation Is 3650 kw at /O^per cent power factor lag. Because of the 
rate structure applicable to the plant It Is necessary to raise the power factor to 90 per 
cent lagging. . . ' 

The motor drive can be either Induction or synchronous and an economic 
evaluation of the use of Induction, unity power factor or 0.8 p6wer factor leading 
synchnanous motors will be made. If the Induction motor Is used, static capacities 
will be necessary. It may be necessary to use them with the synchrnous motors. 

Cost of induction motor including control $ 6^700 
Cost of unity pf synchronous motor, including control 

and exciter 110,400 
Cost of 80 pet cent leading power factor synchronous 

motor, including control and exciter $10,800 

Power factor of induction motor ^ 89% lag 

Full load efficiency of all motors 90% 

Cost of 460 volt capacitors $13Ava 
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' All prIcM ort fob foctory with h%\gh\ allowtd. Initallatton coitt af 9^ 
of tK« d«ltv«rM prlc« of th« Induction motor^ 12% of th« prlc« of th* t/nchronpui 
mpfor and $860 p«r kyo for th« capoottort. 

Conttdortng that all •qulpmtnf hot th« tamo iit«ful ltf«, which motor^ It 
th« r«comm#nd«d buy? ' ' ^ 
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CHAPTER VII - POLYPHASE ASYNCHRONOUS MACHINES 



7-1 • The itafor of a JO pole, 3 phcrif) squirrel cage IrKlucfion mofor Is fconnected to a 
balonced 60 hz supply « For each of the following condlllons - 1) at the Instant of 
starting^ 2) ^hen rotor mechonlcal speed Is 75% of synchronous speed and 3) at a slip 
of 0*04 find the following speeds Jn rpm: 

a) speed of the stater field with respect to a stationary reference 

b) ipeed of the stator field with respect to the rotor 

c) speed of the rotor flel d with respect to a stationary reference 

d) speed of the rotor field with respect to the stator field 

e) ^peed of the rotor^ field with respect to the rotor 

•/ 

7-2. A two phase Induction motor runs at very nearly 1000 rpm at no load and at 
950 rpm at full lood when energized from a 50 hz supply. 

a) how many poles has th'e motor? 

b) what Is the slip at full load? 

c) what is the frequency of the rotor currents? 

d) what is the speed of the rotor field with respect to the rotor? 

e) repeat the above for a slip of 8%. 

» 

7-3 • A freqyency-changer set Is to be designed for supplying variable-frequency power to 
Induction motors driving the propellors on scale-model airplanes fqi: wind-tunnel testing • 
The frequency changer Is a wound-rotor Induction machine driven l>y a d-c motor whose 
speed can bp controlled. The 3-phase stator winding of the induction machine is excited 
from a 60, hz source, and variable-frequency 3-phase power is taken from its rotor winding. 
The set must meet the following specifications: 




Output frequency range 120 to 450 hz. 
Maxtmuin speed not to exceed 3,000 rpm 
Maximum power output = 100 lew at 0.25 power factor 

The power required by the Induction-motor load drops off rapidly with decreasjng frequency, 
so that the maximum-speed condi^on determines the sizes of the machines 

On the basis of negligible exciting current, losses, and voltage drops in the 
induction machine, find: 

a. The minimum number of poles for the Induction machine 

b. The corresponding maximum and minimum speeds 

c. The kva rating of the stator winding of the induction machine 

d. The horsepower rating of d-c machine 
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7^4. EUctrlcol power If fo be supplied to o 3-pha$e 25 hz systerti froiD a 3-pha$e 

60 hz system through a motor-generator set consisting of two directly coipled synchronous 

machines. ^ ^ ^ 

... ' . ^ 

a. What h the minimum number of poles which the motor may have? 

b. Whaf Is the minimum number of poles which the generator may hove? ^ 

c. Af what speed In rpm will the set specified In (a) and (b)^ operate? 

^ d. Can you suggest a more reasonable comblr)aflon (from the standpoint of 

number of poles) which might be possible If a gWr ratio between generator 
and motor Is used? 

>- ' 

7-5. In Europe, where 50 hz systems are universally used, the electrified railways 
use power at 16 2/3 hz> obtained from' an Inductiorl type frequency corjverter. Discuss 
why this particular combination Is advantageous, 

7-6. An Electropult, (See Westlnghouse Engr., September 1946^ p. 161)/ based on the 
InduCtion-mOtor principle may be used for launching heavily loaded airplanes from >hort 
runways. It consists of a launching car riding on a long track. The track is a developed 
squirrel-cage winding^ and the launching car^ which Is t2 ft long^ 31/2 ft wide, and only 
5 1/2 Jn. hlgh^ has a' developed 3-phase 8-pole winding. The center-line distance 
between adjacent poles Is 12/B = 1 1/2 ft. Power at 60 hz Is fed to the cor from 
arms extending through slots to rails below ground level. The car develops 10,000 hp 
and can launch an airplane In as little as 4 sec over a 340-ft run. 

a. What is the synchronous speed In miles per hour? 

b. Will the car reach this speed? Explain your answer. 

c. To what slip frequency does a car speed of 75 mph correspond? 

d. The resistance of the bars in the squio-el-cage track winding 
diminish from a maximum at the start of the runway to a minimum 
where the airplane leaves the runway. Explain the purpose and 
the effect of this construction. 

e. As soon as the^ airplane Is launched, direct current is applied to th6' 
3-phase winding. Explain what the effect of this would be. 

7-7. The stator of an unloaded 3-phase 6-pole wound-rotor induction motor is connected 
to a 60 hz source; the rotor is connected to a 25 hz source. 



a. Is a starting torque produced^ 

b. At what speed will steady-state motor action result? (there 
are two possible answers). 

c. What determine^ at which of the two speeds in (b) the rtiotor 
will operate Iryo specific case? 

d. Suppose now tnat the rotor supply frequency 1$ varied over the 
range 0 to 25 hz. Sketch cUrves showing motor speed in rpm as 
a function of rotor frequency, interpreting zero frequency as 
direct current. 

e. What changes are made in the foregoing answers if the motor Is 
fully loaded Instead of unloaded? 
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7-8.__Thli pfobUm ti concerned wItK ondlysU of a 2-ipho$t It^ductton rrKwhine Instead 
of the 3-pha«e machine. Synchronouily rotating dq axei are still used. There ore, 
however, Z distributed windings a ond b.on the stator, 1 fn each phase, with the 
magnetic axis of phase b 90® ahead of the phase a axis In the direction of rotation. 
There are olso 2 corresponding windings A and B on the rotor, also with axes 90 
apart. At any InstAnt of time, the axis of a rotor phase Is displaced 1>y the angle 
6 2 from the axis of the correspondingly lettered stator phase. 

a. Write the phase-linkage equations corresponding to^(VII-31) t6 
(VII-36). " > ' 

b. Show that the appropriate dq transformation of vai'lables 1$ typified 
by the followf^g* . 



■ Stater: 



I , J ~ I cos w t + I. sin wt 
Id a o 

I, = - I sin u)t + I. cos wt 
Iq a D 



Rotor: 



^2d ^ 'A ^ 'B % 

l^^ = -l^ sine, cos 

Also, write the reverse equations for phase variables In terms of dq variables. 

c. Show that the dq linkage relations are still given by (VII-4.4) 
through* (VJM7).. , 

d. . Show that the component voltage relations of (VII-40) through 

(VI I -43) are correct. 

e. Show that the instantaneous power input to the 2-pha$e stator is 

f. Show that the motor torque 1$ given by 

7-9* Equations (VI 1*^0) through (VI I -47) constitute the basic electrical relations in dq 
variables for an induction machine with no xero-sequence currents. On the basis of 
these equati<^s, set up a block diagram to represent the electrical performance of the 
machine. The vaoltages v^^ and v are signals to be deceived from the stator supply 
system. The slip angular velocity p^^ - Sa)l^ either constant or a signal to be received 
from a representation of the mechanics of the machine and the equipment coupled to 
Ift shaft. Constraints are placed on the rotor component voltoges and currents^ not only 

by the machine, but also by the circuitry or equipment connected to the rotor terminals 
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7-10. Modify block diagram of Prob.. 7-9 «o tho> It r«pr«t6nU the tqulrrel cage 
configuration (with a thort-clrcult^d rotor winding). 

7-11. A 100-hp 3-phaM V-connected 440-volt 60 hz 6-pol« squirrel -cage Induction 
motor hai the following equivalent-circuit constartt In ohms per phase referred to the 
stator: ' 

ri « 0.085 . rj 0.067 

X, « 0.196 = 0.161 

x^2 ~ ^'^^ ' 

No-load rotoHonal \o%% = 2.7 lew* Strqy load loss = Q*5 kw. The rotoHohal and stray 
load losses may be considered constant. 

a. Compute the horsepower output, stator current power factor, 
and efficiency ot ratecl voltage and frequency for a slip of 
3.00 per cent. 

b. Compute the starting current and the internal starting torque 
in pound-feet at rated voltage Qt\ii frequency 

7-12. A 50-hp 60 hz, 6-pole Induction motor runs at a slip of 3.0 per cent^ 
at full load. Rotational and stray load losses at full load are 4.0 per cent 
of the output powier. Compute: 

The rotor copper loss at full load 
V b. The electromagnetic torque at full load. In newton -meters 

^ c. The power delivered by the stator to the air gap at full load 

7-13. A 100-hp 230-volt S-phose Y-connected 60 hz 4-pole squirrel -cage Induction 
motor develops full-load Intenxil torque at a slip of 0.04 when operated at rated 
voltage and frequency. For the purposes of this problem rotational and core losses 
can be neglected. Impedance data on the motor are as follows: 

Stator resistance r^ - 0.036 ohm per phase 
Leakage reactance = X2 0.047 ohm per phase 
Magnetizing reactance >c^2 " '^•^ oUtm per phase . 

Determine the maximum internal torque at rated voltage and frequency, the slip at 
maximum torque, and the internal starting torque at rated voltage and frequency. 
Express th** torques in newton- meters. ^ . 

7-14. A 3-phase induction motor, at rated voltage and frequency, has a starting torque 
of 180 per cent and ti maximum torque of 250 per cent of full-load torque. Neglecf 
stator resistance and rotational losses, and assume constant rotoc resistance. Determine: 

a. The slip at full load ' V 

b. The slip at maximum torque 

c. The rotor current at starting. In per unit of full loacT' rotor current 
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7-15. A 100-hp 6-ppU 60 hz high-startlng-torque 3-phdie Induction motor produces 
roted horsepower at rated voltage and frequency with tO per cen^ slip, this motor 
can develop 300 per cent pull-out torque based on rated fol I -lood torque. 

.The motor is used to drjye a load requiring a torque directly proportional to 
speedi at 2,000 rpm, the load forque is 700 Ib-ft, Cons ider the torque-speed curve of 
the motor o strolght line between 0 and 15 per cent slip. 

a. Sketch the tnofor and lood k>rque-speed chcfrocterlsHcs to 
approximate scalti* 

b. At what ^peed will the ^TKt or drive this load? Applied voltage 
Is rated value* 

€• While the motor is driving t he same logd^ the voltage applied 
to the motor is raised 10 per cent. Show whether or not the 
m#tor will be loaded beyond its horsepower rating. 

d. The rotor is replaced by one having twice the resistance per phase 
buf identical in all other respects with the bid one. What will 
be the motor speed with rated voltage applied to the motor? 

7-16. When operated at rated voltage and frequency^ a 3-phase squirrel -cage ^ 
induction motor (of the design classification known as a high-slip motor) delivers full 
load at a slip of 10 per cent and develops a maximum torque of 300 per cent of full- 
load torque at a slip of 60 per cent. Neglect core and rotational losses, and assume 
fhqt the resistances and Inductances of the motor are constant. 

Determine the torque and rotor current at starting with rated voltage and 

frequency. Express the torque and rotor current in per uni t based on their full-load 
values. J 

7-17. A polyphase induction motor has negligible rotor rotational losses and is driving 

a pure-Inertia load. The moment of Inertia of the rotor plus load is J mks units. 

a. Obtain an expression for the rotor energy loss during starting. 
Express the result in terms of J and thu^synchronous angular velocity^ 

b. dbtain an expression for the rotor energy loss associated with reversal 
from full spepd forward by reversing the phase sequence of the voltage 
supply (a process known as plugging). Express the results In terms of 
J and . 

c. State and discuss the degree of dependence of the results In (a) and 
(b) on the current-limiting scheme which may be used during starting 
and reversal. (Neglect rotational arKi stray load losses andconsider 
thdt acceleration Is slow enough to permit application of -steady state 
theory). ^ 

7-18. A 4-pole 440-volt 400-hp 3-phase 60 hz Y-connected wound-rotor induction 
motor has the following constants in ohms per phase referred to the stator: x =X2=^.055, 
X * 2.23, = 0.0054, r2 0.0071. The motor Is supplied at normalXermlnar 
voltage through a series reactance of 0.03 ohm per phase representing a step-down 
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*tramformer bonk. It is fully loaded, the slip rings are sl>^t-clrculted, and the efficiency 
and power factor are 90.5 and 90.0 per cent, respectWely. 

A 3-phase shbrt circuit occurs ot the .high-tension terminals of the. tronsformer 
bank. Determine th* Initial symmetrical short-circuit current In the motor, and show how 
it Is decremented. * 

TTie following test doki apply to 50-hp, 2,300-volt 60-h2: 3-pho}a squirrel-cage 
InducHon mptort , 

No-'load Tesf at Rated Voltage ahd Frequency:. ^ ^ 

Line current * 4.1 amp 
3-pho$e power == 1,550 watts 

Blocked-rotor Test -at 15 hz ' 

Line voltage = 268 volts ^ 

Line current = 25.0 amp " ^ ' 

3-pha5e power = 9,600 watts ^ • 

Stator resistance between line terminals = 5.80 ohms 

Stroy lood loss = 420 watts 

Compute the stator current and power factor, horsepower putput, and 
efficiency when this motor Is operating at rated voltage Ond frequency with a slip of 0.04. 

7-20. A' 50000 hp, 50 hz, 22 pole wound-rotor Induction motor Is used to drive a wind- 
tunnel fan.' The power required to drive the fan varies ds the cube of Its speed and 1$ 
50000 hp at 297 rpm. 

The speed must be adjustable over a range of 297 to 37,5 rpm* If rotor-- 
resistance speed control Is used, plot curves of tbe following variables as functions of 
the speed In rpm: 

' Q. Fan power. In kilowatts' 

b. Power Input to tbe motor. In kilowatts. Neglect stator copper, 
rotational, and stray load losses 

c. Total rotor-clrcult copper loss. In kilowatts « 

7-21 • A 220-volt 3-phase 4-pole 60 hz Induction motor develops a maximum torque of 
225 per cent of t|ie full-load torque at a slip of 0J5 when operated at rated voltage 
ahd frequency. The actual ^tor reslsttince (not the referred value) is 0.03 ohm per 
phase. The stotor resistance and rototlonoKI esses can b e neglected. 

a. What external resistance in actual ohms should be Inserted In eath 

phase of the rotor winding In order to give maximum torque at starting? 
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What ii the titp at full loOd without the externol rotor reilitance? 
Would this tlip be lorper^ the some, or tmbjier tf the stotor netlttonce 
were considered? ^ 

c. Whot ore the slip ond torque In per cent when the motor current hot 
Iti full-load value but reslttoncet pf 0*07 ohm are Inserted In each 
phase of the rotor circuit? " 

d. What would be the maximum torque In per cent of the full-^lood 
torque If the motor were connected tct a 200-vort 50-hz source? 



22 .A 220-volt 3-phase 4-pole 60-hz^ 100-hp squlrret-cage Induction motor lakes a 
blocked-rotor Icurrent of 200 per cent and develops on Internal starting torque of 
16 per cent for an applied voltage of 30 per cent* A starting compensator Is to be 
purchased for this hotor. The starting cofnpensqtor may be fegarded as an Ideal 
3-phaie step-down transformer connected between the supply line and the motor* 
Determine the per cent starting torque If the starting compensator limits the starting 
current In the supply line to 150 per cent of 'the motor full-load current* Thejiupply- 
Itne voltage Is 220 volts* ^ ' 

7-23* An Induction motor has a full voltage locked rotor current of 7*0 per unit* 
It is desired to limit the maximum current^ pn starting, from the supply to 3 per cent* 
Two schemes are being considered - auto transformers starting or series reactance 
Inserted for current limiting* 4 

^ 

a* What IS the transformer turns ratio required? 
b* What is the per unit rtoctance required? 

c* What Is the ratio of starting torques developed In the two methods? 

7-24* A 230-volt Y-connected 3-phase 6-pole 60-hz wound-rotor induction motor hot 
a sta tor-plus-rotor leakage reactance of 0*50 ohm per phase referred to the stator, b 
rotor-plus-load moment of inertia of 1*0 kg-m^, negligible losstfs (except for rotor 
copper loss), and negligible exciting current* It is connected to a balanced 230volt 
source and drives a pure-inertia load* Across-the-llne starting is used, orKl the rotor- 
circuit resistance is to be adjusted so that the motor brings its load from re^st to 
one-half synchronous speed in the shortest possible time* 

Determine the value of the rotor resistance referred to the stdtor aW th^ 
minimum time to reach one-half of synchronous speed* 
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